I. Introduction
HE majority of electric rockets such as ion engines and hall thrusters emit a stream of positive charged particles to produce thrust. 1 In the case of electrospray propulsion 2 it is possible to implement an engine that produces thrust by emitting charged particles of both polarities. 3 For the other cases, a suitable source of opposite polarity current is needed to keep the overall spacecraft charge neutrality, i.e., a neutralizer. The most widely neutralizer implementation is a hollow cathode, where a noble gas plasma is produced and electrons are extracted from it using a biased grid. 4 Even though hollow cathodes are very efficient, in some micro-propulsion applications, in particular missions that involve the use of FEEPs 5 and electrospray thrusters, hollow cathodes are unattractive because they would introduce prohibitive mass flowrate expenses compared to the engine mass flowrate that is used to produce thrust. Instead, low-power, low-voltage, efficient field emission neutralizers are a more adequate choice.
Electrons are field emitted from the surface of metals and semiconductors when the potential barrier (work function φ) that holds electrons within the metal or semiconductor is deformed by the application of a high electrostatic field. The application of the field allows electrons to tunnel into vacuum. The probability of electron tunneling becomes significant when the barrier width is of the order of several electron wavelengths. The typical barrier width at which electron tunneling occurs is about 1.5 nanometers while the corresponding typical barrier height is 4.5 eV. Hence, for electron tunneling to occur the surface electrostatic field has to be about 3.0 V/nm assuming a linear potential distribution at the surface. Field emitters use high aspect ratio structures with tips that have nanometer dimensions to generate very high fields even when low voltages are applied. Some other researchers have proposed field emission structures that use other materials such as boron nitride. 6 However, the ideal field enhancing structure would be a rounded whisker -the shape of a CNT. 7 The two most important parameters that determine field emission current density are the work function -which determines the barrier height, and the tip radius r -which determines the barrier width. If the emitter tip radius is far smaller than the emitter height, the field factor β is defined as n k r β = (1) where k is a proportional constant and n is a positive number between 0.6 and 1.0. The field factor is a direct measure of the field enhancement capabilities of the emitter. The field factor has units of length -1 . The field factor times the bias voltage V G is equal to the electric field at the surface of the emitter.
The 
where A and B are constants and α is the effective emitter area. The adoption of CNTs as electron-emitting structure has recently being shown to pose advantages compared to silicon-based 8 and metal-based 9 emitters because of the higher aspect ratio of the CNTs, and their superior resistance to harsh environments, in particular to the presence of oxygen -the case of the atmosphere present in LEO. 10 The implementation of micro-and nano-fabrication technologies would allow us to produce devices with smaller starting voltages, better area usage, and more uniform I -V characteristics, compared to macro/meso fabricated field emitter versions. Also, a MEMS neutralizer is batch fabricated. Many devices can be then mass-produced at a fraction of the cost and time, thus enabling the implementation of missions with dense nanosatellite constellations.
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II. Device Concept
A MEMS neutralizer should represent a trade-off between device performance and fabrication complexity. There are two key ideas to take into account while making this trade-off. First, emitter shadowing should be avoided to be able to take advantage of the remarkable field enhancement properties of CNTs. Unfortunately, a forest of PECVD CNTs usually has CNT pitch of the order of a fraction of a micrometer (see Section III). Therefore, a neutralizer that uses CNT forests would probably need larger bias voltages to achieve the same current, and in any case only a small fraction of the CNTs will actually be emitting. There has been recently reported work on implementing CNT-based field emitter arrays, particularly focusing on isolated CNTs. 12 Figure 1 shows an array of isolated PECVD CNTs grown in our reactor, using electron beam nanophotolithography and lift-off to define the catalyst dots (nickel). There are some drawbacks with using these micro-and nano-fabrication techniques such as throughput and cost because electron beam nanophotolithography defines one catalyst dot at a time. The use of a micro-structured surface that is defined using contact photolithography and reactive ion etching (RIE) to reduce emitter shadowing would be a more effective solution. The catalyst would be deposited everywhere on the micro-structured surface and a PECVD CNT forest would then be grown. The nonflatness of the surface will produce CNT clusters or islands, thus decreasing the emitter shadowing (Fig. 2) . The islands would be spaced twice the CNT height to maximize field enhancement. The trench depth should be at least of the same order of the CNT height. RIE is a good option to etch in silicon a depth of the order of the height of what our CNT reactor can grow (around ten µm).
Figure1. An array of isolated PECVD CNTs 6 µm tall spaced 10 µm.
The second issue to take into account is the neutralizer gate. Macro-fabricated stretched metallic meshes have been successfully implemented in CNT neutralizers 10 ; however, this approach does not allow batch fabrication. Deep Reactive Ion Etched (DRIE) gates can be used instead. The grids can implement a 3D packaging system 13 that has micron resolution and alignment capability of the order of a few microns 14 . The electrical insulation can be directly provided by micro-fabrication processing, or by the use of dielectric gaskets. We have successfully used 1-mil and 2-mil polymer and mica gaskets from Mc Master (Robbinsville, NJ) in devices biased up to 1100 DC V. For a 1-mil to 2-mil spacer, a silicon grid with holes of the same size can readily be patterned with aspect ratios as large as 25 (Fig. 3) . Given the fact that the proposed 3D packaging system has micron-level repeatability, it is possible to use the grid as a shadow mask to deposit the catalyst to reduce the gate current interception (reduction of CNTs directly below the grid). PECVD CNTs can be then grown on the emitter substrate, to later be assembled to the previous grid and have to first order a self-aligned structure (emitters concentric to the grid apertures). The small variations in DRIE batch processing would allow us to use dedicated grids for the catalyst definition into the emitter substrate.
The proposed MEMS neutralizer is shown in Fig. 4 . An schematic is included to provide further insights into its structure.
III. PECVD CNT growth Characterization
To grow PECVD CNTs we use an acetylene/ammonia mix to obtain tall graphite nanotubes and minimize the growth of other allotropic forms of carbon. In general, there are two key steps to grow CNT forests: the generation 
Figure4. A disassembled micro-and nano-fabricated neutralizer (top) and schematic of device structure (bottom). The grid and emitter substrate includes deflection springs for assembly. The dielectric assembly rods interact with the springs.
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of catalyst seeds (nanospheres) by reduction of the catalyst metal at high temperature on top of a non-wetting surface, and the generation of plasma rich of carbon-based radicals to supply the seeds with the raw materials for graphite growth. In PECVD CNT growth the nanospheres absorb the carbon radicals present on the plasma; the concentration of carbon supersaturates within the nanosphere until it precipitates, thus forming a seamless graphite tube using as template the catalyst seed. In PECVD CNT growth the catalyst seed remains on top of the CNT. The following is a brief experimental sampling of the capabilities of our PECVD CNT reactor -an improved version of the Cambridge University (UK) reactor 15 , addressing these two key steps. Figure 5 shows a set of SEMs of the typical CNT catalyst seeds formed in our reactor. In all cases the catalyst is Nickel on top of TiN and the reducing atmosphere is ammonia. Thicker films require longer reduction time (Fig. 5-a) and thicker films generate larger nanospheres (Fig. 5-b, Fig. 5-c) . Longer annealing time generates thinner nanospheres at the expense of larger dimensional variation (Fig. 5 -d, Fig. 5-e) . Higher annealing temperatures also reduce the nanosphere size but it can also worsen the size variation if the catalyst is annealed too long (Fig.5-f) Figure 6 shows a set of pictures that illustrate the typical CNT forests grown in our reactor. PECVD allows us to grow vertically aligned CNTs firmly attached to the substrate, thus enabling the fabrication of electrical devices. In all cases the plasma bias was set between 600 V and 680 V DC, and 90 to 150 W of plasma power. For a given catalyst thickness there is roughly a linear relationship between growth time and CNT length -until the CNT seed is poisoned and/or the CNT growth reached saturation. The reactor is able to grow down to 1 µm tall CNTs (Fig. 6-a) , to 14 µm tall or more (Fig. 6-b) . The catalyst is at the top of the CNT (Fig. 6-C) , and the typical CNT tip radius for CNT forests is tens of nanometers (Fig. 6-d) . This aspect ratio is very attractive for field emission applications.
A. Catalyst seed formation
B. PECVD CNT Growth
IV. Experimental Data and Discussion
A micro-structured emitter substrate with a PECVD CNT forest from filed deposited nickel catalyst was tested in a triode configuration, as shown in Fig. 6 . The vacuum was kept at 10 -9 Torr, and Keithley 237 Voltage/ Current source-measure units were used to bias voltages and measure the gate, anode and emitter currents. The current measurement error was less than 10 -12 A and the voltage error was less than 10µV. In all cases it was verified that the emitter current was equal to the gate current plus the anode current. The emitter substrate was tested using a DRIE-patterned silicon grid with 200 µm holes spaced 400 µm, coated with sputtered metal. The grid did not include the proposed spring system. A dielectric spacer 50 µm thick was used as electrical insulation.
The purpose of the experimentation was to demonstrate Fowler-Nordheim field emission, and to get an estimate of the field enhancement properties of the emitters. It is expected that lowers voltages would be required to produce similar current levels in an integrated device that uses thinner spacers and denser gate grids because of the closer proximity of the gate to the emitters. Figure 7 shows in semi log scale the data collected sweeping 9 times the 0 -480 V range in steps of 2 V. Each data point of all sweeps results from averaging 32 measurements. All the measurements where carried out automatically using the commercial software Labview. Electron emission occurs at about 150 V (1nA). The gate current is far larger than the anode current, as expected from using an unoptimized grid and spacer. The parallelism of the two current curves means that that the two currents come from the same source, and that the gate transmission is maintained over the experiment (no substantial reflow of the spacer). As a matter of fact, if the anode current vs. the gate current is plotted (Fig. 8 ), a linear relationship is obtained. This further corroborates that the gate and anode currents come from the same source, i.e., that the gate current does not come from leaking of the spacer but from the emission of the emitters.
Finally, a Fowler-Nordheim plot of the data evidences that the substrate field emits (Fig. 9) . The slope of the Fowler-Nordheim plot is 1441.9, which implies for the material properties of carbon a field enhancement of 3.69×10 5 /cm. If Eq. (1) is used with k = 1, n = 1, then emitter radii of 27 nm is obtained, in good agreement with the SEM metrology of the CNTs.
V. Conclusion and Future Work
A MEMS neutralizer that uses PECVD CNT emitters is proposed. The device implements a trade-off between fabrication complexity and performance. The device uses a 3D packaging technology that augments device yield and enables decoupling of the process flows of the subsystems. CNT catalyst formation and PECVD CNT growth is characterized. Triode experimental characterization demonstrates the electron emission is described by the FowlerNordheim model. Field enhancement factors of 3.69×10 5 /cm are obtained, corresponding to emitter tip radius of 27 nm, in agreement with the metrology of the CNT tips from SEMs. Future work includes integration of the MEMS grid, and the implementation of shadow mask deposition to decrease the gate current interception. Finally, MEMS neutralizers might be able to emit large enough current at a low enough voltage to become an efficient neutralizer for larger electric thrusters such as low power Hall thrusters and ion engines. Some ballasting mechanism would probably be needed to improve the current density uniformity and the overall emitted current. 16 
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